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Abstract. At the central column of ASDEX Upgrade an area of 6 � 5 m2 of graphite tiles was replaced tungsten coated

tiles representingabout two thirds of the total area of the central column. No negative influence on the plasma performance

was found, except for ITB limiter discharges. The tungsten influx stayed below the detection limit except for direct

plasma wall contact or a reduced clearance in divertor discharges. From these observations a penetration factor in the

order of 1% and effective sputtering yields of about 10
� 3 could be derived, pointing to a strong contribution by light

intrinsic impurities to the total W-sputtering. The tungsten concentrations ranged from below 10
� 6 up to a few times

10
� 5. Generally, in discharges with increased density peaking, a tendency for increased tungsten concentrations or even

accumulation was observed. Central heating (mostly) by ECRH led to a strong reduction of the central impurity content,

accompaniedby a very benign reduction of the energy confinement. The observations suggest that the W source strength

plays only a inferior role for the central W content compared to the transport, since in the discharges with increased W-

concentration neither an increase in the W influx nor a change in the edge parameters was observed. In contrast there is

strong experimental evidence, that the central impurity concentration can be controlled externally by central heating.

PACS numbers: 52.25.Vy, 52.40.Hf, 52.55.Fa

1. Introduction

Although the plasma material interaction is strongly concentrated in the divertor region, it became rather evident

in recent years, that in all divertor devices with large areas of carbon based wall components the carbon impurity

household is strongly influenced by the main chamber carbon source. This was observed spectroscopically in

ASDEX Upgrade [1, 2] as well as in JET [3] and also supported by erosion/deposition measurements in JET which

were supplemented by model calculations [4]. Further confirmation for the important role of main chamber erosion

follows from the JET Be-divertor experiment, where C still was the dominant impurity [3], as well as from the

ASDEX Upgrade W divertor experiment [5], where no influence on the carbon concentration in the plasma bulk was

observed and strong carbon deposits on the inner strike point modules were found after the campaign [6]. Taking

these observations into account, the questions which arise when a metallic central column is used can be formulated

as follows: How does the wall material itself influence plasma operation and performance and can the amount of

migrating carbon be reduced by a significant factor? These questions are of essential importance for ITER, where

Be is chosen as first wall material in the main chamber to avoid excessive codeposition of tritium with carbon [7].

In a later phase of ITER or in a DEMO reactor tungsten seems to be the only material at hand to stand the fluences

with acceptable erosion [8]. Although W has large advantages over Be concerning thermo-mechanical properties,

its use implies the risk of unduly high radiation losses in the central plasma. Except the high field tokamak Alcator

C-Mod, where all plasma facing components (PFCs) consist of Mo (see for example [9] and references therein),

there is no major fusion device using large areas covered by high-Z materials [10, 11].

In order to address the questions raised above, the central column of ASDEX Upgrade was covered with tungsten
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coated graphite tiles in a step by step approach [12], based on the experience from the tungsten divertor experiment

[5, 6]. During the experimental campaign 1999/2000 1.2 m2 of the lower part of the central column were coated

by tungsten. Regarding the erosion by CX particles, this region corresponds to the divertor baffles of ITER-

FEAT, where the present design uses tungsten [8]. No negative influence on the plasma performance, even in high

power H-modes or advanced discharge scenarios, was observed [13]. Mostly, it was not even possible to detect

tungsten in the core plasma by spectroscopic methods, within a detection limit more than hundred times less than

the maximum tolerable concentrations in ASDEX Upgrade. During the present campaign (April 2001 to July 2001)

a total tungsten coverage of the central column was applied, except for regions, which may be hit directly by the

shine through of the neutral beam injection (NBI) or which are used as a limiter. In Sec. 2 the setup of the W
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Figure 1. Left side: Tangential view of the central column of ASDEX Upgrade with the tungsten coated tiles. The four

rows in the equatorial plane are made of graphite and CFC and are temporally used as limiter.

Right side: Poloidal cross section, showing the line of sights of the two main diagnostics for the central W radiation, as

well as Langmuir probe tips installed at the central column.

Bottom: Schematic view of the unrolled central column: The light grey (green/blue) areas represent W coated tiles, the

two lowest rows (blue) were already mounted in 1999. The dark grey (brown) tiles are manufactured from CFC because

of potential shine through of the NBI. The white (yellow) tiles are ordinary graphite tiles. This central region of heat

shield is used as limiter during the start-up phase of the discharge.

coverage and the experimental tools will be described, whereas the coating procedure and the detailed properties of

the coating itself are presented elsewhere [14, 15]. The following section (Sec.3) deals with the behaviour of W in

different discharge scenarios. The influence on the carbon content and the overall plasma performance is presented

in Sec. 4 and finally, first conclusions are drawn in Sec. 5. The experimental campaign was finished as scheduled

at the end of July 2001. Therefore, the detailed results of the post mortem studies of W-erosion and migration as

well as on C deposition will be subject of a forthcoming paper [16].
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2. Experimental setup

2.1. The tungsten coated central column

After the successful operation with two rows of W-coated tiles at the lower end of the heat shield (see Fig. 1, bottom)

during the experimental campaign 1999/2000, it was decided to cover almost the full central column with tungsten

[12]. At that time tests with direct plasma contact to tungsten could not be performed due to the low position of the

W-tiles [13]. Therefore, the central region, which is used as limiter during plasma start-up and in L-mode internal

transport barrier (ITB) discharges, was not coated with tungsten. The CFC tiles, used as dump for the shine-through

of the NBI were also left out (see Fig. 1, bottom). Finally an area of 6 � 5 m2 of coated tiles was installed (see Fig.

1). Additionally, two complete poloidal sets of W-coated tiles were mounted to analyze the tungsten erosion profile

also at the limiter region. Before coating, the carbon tiles were shaped to reduce edge erosion. Unlike the tiles from

1999/2000, which were coated in-house by physical vapour deposition [14], the new tiles were coated commercially

by plasma arc deposition to a thickness of 0.6-1.5 µm. They are characterized by a much brighter surface colour

as the old ones at the bottom of the heat shield, which were kept from the the previous campaign (see Fig. 1, left

side). Throughout the plasma operation of the campaign (4/2001 – 7/2001, � 300 successful discharges) as well as

in a first inspection during the scheduled vent, no failure of the coating was observed.
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Figure 2. Temporal evolution of W spectra in the visible (left side, #14186) and in the soft X-ray spectral region (right

side, #14146). The lowest intensity is marked in light grey (blue), whereas the highest one is plotted in dark grey (red).

2.2. Determination of the W-influxes and W-concentration

For the measurement of the W influx an array of 10 fiber guides is used, allowing the independent monitoring of

every single row of W-tiles. The influx was determined from the brightness of the WI line at 400.8 nm using the

inverse photon efficiency (S
�
XB � 10 at Te � 5 eV) from [17]. The temporal evolution of the spectrum (#14186),

measured duringan Rin scan is shown on the left side of Fig.2. The tungsten concentration (cW ), which is relevant for

the fusion performance, was determined using two different spectral signatures: The W-quasi-continuum, emitted

from tungsten ions around W28 � in the vacuum ultra violet (VUV) at about 5 nm following the procedure described

in [18], and a spectral line emitted from Ni-like tungsten (W46 � ) in the soft X-ray spectral region (SXR) at 0.793

nm [19]. On the right side of Fig. 2 the temporal evolution of a high resolution spectrum measured with a Johann-

spectrometer is shown for discharge #14146. Both diagnostics are cross calibrated using tungsten injections by laser

blow off [13]. Using the spectra from ions with such different charge states guarantees a sensitive measurement of

the central W-concentration for the usual range of central Te in ASDEX Upgrade (1 - 5 keV). For Te � 2 � 5 keV it

even allows the extraction of some profile information of cW .
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3. Behaviour of tungsten in different discharge scenarios

The experimental campaign was started without additional wall conditioning by boronisation or siliconisation to

run the plasma discharges with the pure tungsten surface. During this initial period the total radiation and the Ze f f

were higher than for a good conditioned machine, but this was attributed to the high oxygen content (few percent).

A dedicated program to investigate the performance of tungsten as plasma facing material was executed and all

relevant scenarios were tested. After two weeks of operation, a boronisation was applied to reduce the oxygen

content of the discharges.

3.1. Divertor discharges

3.1.1. Conventional H-Mode

The H-mode regime comprises by far the largest operational space in ASDEX Upgrade, since it is achieved at low

densities (n̄e
� 4 � 1019 m 	 3) and intermediate toroidal fields Bt

� 2 T for additional heating powers just above 1

MW [20, 21]. Therefore, most of the experimental data are gathered in the H-mode at low (δ � 0 � 15) to intermediate

(δ 
 0 � 45) triangularities. For low δ tungsten concentrations around 10 	 6 or below were observed. A typical

example at intermediate density and heating power is shown in Fig. 3, performed still in the unboronised machine.

The discharge shows very regular type I ELMs and sawteeth visible on Te0 and the soft X-ray brightness. All

parameters, including cW , quickly reach their flattop values and stay constant up to the pre-programmed discharge

termination. The central tungsten concentration shows a strong correlation with the sawtooth activity and is always

reduced by the sawtooth, very similar to the process described in detail in [22]. As can be judged from Fig. 2 on the

right side, the spectroscopic signal for W is quite clear even though the low concentration of 10 	 6, demonstrating

the potential of the W detection in the soft X-ray spectral region. Although higher than with a boronised vessel – as

mentioned above – the main chamber radiation is rather low (30%) and the confinement is good (HITER92Py
� 1).

Performing the same discharge at a higher density (n̄e � 9 � 1019 m 	 3 , n̄e
�
ngw � 0 � 75) a fast decrease of cW is

observed during the density ramp until it falls below the detection limit [23].

In discharges with δ � 0 � 4 the tungsten concentrations were higher by about a factor of five, reflecting the generally

better particle confinement also seen for the natural density at a given current and heating power. Performing this

kind of discharges with moderate constant gas-puffing at intermediate heating powers from NBI (PNBI 
 7 � 5 MW)

yield a very high confinement at densities around or above the Greenwald limit. The reason for this seems to be a

reduction of energy/particle transport in cases where the heating is applied further off axis as proposed by Stober

et al. [24]. A further ingredient of these discharges is the slowly evolving density peaking of the background

ions which could be explained by a very small inward velocity of the order of the neoclassical Ware-pinch [24].

Density peaking accompanied by weak temperature gradients are the natural prerequisites for neoclassical impurity

accumulation, which amplifies the density peaking proportionalto the charge of the impurities [25]. Therefore these

discharges were prone to higher cW reaching values above 10 	 5, increasing during the whole discharge. To study

this behaviour further, specially designed discharges were performed. From the tungsten divertor experiment the

tendency of tungsten accumulation for low voltage NBI, i.e. off axis heated discharges is known [5]. Therefore the

NBI energy was reduced from 60 keV to 35 � 40 keV, to shift the heating profile further off-axis. In these discharges

the tungsten concentration rises after switching on the beams, until the sawteeth were lost and extremely peaked

electron profiles were observed, finally leading to central tungsten concentrations of up to 4 � 10 	 5 [23]. Performing

the same discharge with full beam voltage, i.e. more central heating, cW stays around 10 	 6. An even clearer

experimental proof is provided using central ECRH: switching on the ECRH during the evolving accumulation,

a fast suppression is found [23]. The effect is even clarified after switching off the ECRH heating, when the

tungsten concentration rises again. The experiment was also performed by an exact replacement of beam power

against ECRH power, to exclude the confinement degradation by additional heating power. This discharge showed

the same beneficial behaviour. The mechanism appears to be a complex interplay of the anomalous transport of

the background ions and the anomalous and neoclassical transport of tungsten. However, experimentally it could
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clearly be shown, that the central tungsten concentration can be controlled externally by central heating.

A significant amount of tungsten influx was only measured during plasma start-up and in special designed
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Figure 3. Typical H-mode discharge at 1 MA and intermediate density and heatingpower, performedbefore boronisation.

The H-factor is calculated according to the ITER92P ELMy H-mode scaling and the tungsten concentration (cW ) is

extracted from the central line emission of W46 � .

discharges, which had low clearance with respect to the tungsten tiles (or when using the tungsten tiles as limiter,

see Sec. 3.2). Fig. 4 shows the behaviour of the W-influx (ΓW ) and the W-concentration (cW ) during a radial shift

of the plasma towards the central column in discharge #14186 (Ip � 1 MA, Bt � � 2 � 3 T, PNBI � 5 MW, δ � 0 � 15).

As can be judged from the top traces on the left (n̄e 
 Te0), the main plasma parameters remain constant during the

shift. At the nominal clearing of 12 cm to the inner wall, no influx above the detection limit is evident. During

the shift the influx rises to a maximum value of 3 � 1018m 	 2s 	 1 for the lowest clearance of 4 cm. The increase

of the W I brightness is only seen on the W-coated tile which is nearest to the equatorial plane, in line with the

equilibrium reconstruction. Therefore one can assume that only a ring with approximately the height of one tile

( � 50%) contributes significantly to the influx. Taking into account that only about the half of the circumference is

erosion dominated [26], this results in an area of 0.33 m2 where W is eroded and consequently a total W-influx of
� 1018 s 	 1 from this row. This has to be taken as a lower boundary, since it is to be expected that the W-influx from

the other rows with W-tiles is also increased, althoughbelow the detection limit. However looking at the clear signal

for W I for this discharge in Fig.2, it is evident that the remaining increase of the W-flux would at maximum of the

same size as the measured one. The detectable increase of the influx points clearly to the fact that the plasma in the

far scrape-off layer is hot enough to lead to W-erosion (see [27]). When calculating the D-flux to the wall by using

the brightness of the simultaneously measured Dδ and S
�
XB � 6000 one can even derive an effective sputtering

yield Y e f f
W

� 10 	 3 � Obviously this can not be due to pure D sputtering since this would result in ion temperatures in

the range of 100 eV. But taking into account sputtering by a few percent of light impurity ions (O, C), temperatures

in the range of 10 eV would be sufficient [6, 11] to yield a consistent result.
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In parallel to the increased influx, an increase of the W-concentration is observed. Assuming spatially constant

cW one gets for the increase from 1 � 10 	 6 to 2 � 10 	 6van additional inventory of ∆NW � Ne � ∆cW
� 8 � 1014 W-ions.

Since the W concentration during the phase with standard clearance, was � 1 � 10 	 6 one can derive there an W-influx

of the same absolute size as from the single row during the shift, however the flux density must be lower by the ratio

of active surfaces, namely by about a factor of 20, consistent with the detection limit of the diagnostic. The ratio

∆NW
�
∆ΓW gives the particle confinement time τp � 8 � 1014 � 1018 = 0.8 ms. To compare this number to earlier results

[13] and investigations in other machines one can separate τp in a penetration probability f (sometimes also called

screening), that means the probability to reach the confined plasma, and the transport time τt within the confined

plasma. Taking τt � τE
� 100 ms one gets f � 0 � 8% as an upper estimate, since usually τt is somewhat larger than

τE and ∆ΓW was the lower boundary. This value is lower than f � 3% from [13] where it was deduced from laser

blow-off experiments, which may lead to the injection of clusters penetrating more easily. The value is also almost

a factor of 10 lower than the results from screening experiments with methane measured for top fueling of methane

in JET [28, 29] but similar to nitrogen puffing experiments at the central column in Alcator C-Mod [30].
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Figure 4. Behaviour of the W-influx (ΓW) and the W-concentration (cW ) during the radial shift of the plasma towards the

central column in discharge #14186 (Ip � 1 MA, Bt ��� 2 � 3 T, PNBI � 5 MW, δ � 0 � 15). On the top n̄e and Te0 are shown,

to demonstrate that the main plasma parameters remain constant during the shift.

3.1.2. Improved H-Modes, ITB- and high-β discharges

Advanced scenarios are the second important experimental topic at ASDEX Upgrade. Especially improved H-

modes, which are characterized by fishbone instead of sawtooth activity, no central barrier but generally improved

confinement over ordinary H-modes are given some emphasis since they can be performed in quasi steady-state

[31]. This kind of discharges were already tested with an unboronised vessel at the beginning of the campaign.

Since the overall conditioning of the machine was not sufficient, the plasma density was slightly too high and the

best performance values of [31] were not reached. The tungsten concentrations extracted in these discharges, show

similar values and characteristics as ordinary low density H-modes.

An enlargement of the operational space for the improved H-mode towards higher densities was gained by running

the discharges at δ � 0 � 4 [32]. As in ordinary H-modes at medium to high triangularity discharges, the tungsten

concentration showed the tendency to increase slowly throughout the whole duration of the discharge to values

of about cW
� 10 	 5. This evolution was accompanied by an increasing density peaking as already described in

Sec. 3.1.1. To test the applicability of the method of central heating for the reduction of the central impurity

confinement, central ECRH was applied during the flattop phase of a discharge as shown in Fig. 5. The initial

very good confinement was not sustained, nevertheless the H-factor stayed above 1.1. From t � 1 � 8 s the W-

concentration rises continuouslyand shortly after t � 2 � 2 s the soft-X ray measurement saturates. It has to be pointed

out that this increase in the SXR brightness is not exclusively due to the increase of the W density, since also the

brightness of other impurity radiation (for example Fe) is also found to rise. From t � 3 � 0 s on central ECRH is
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added (first 1.4 MW, after about 200 ms 0.8 MW; note the power is in the same scale as the NBI power). During

the ECRH phase, Te0 is increased but no (or very minor) sawteeth appear and n̄e is slightly decreased similar to the

so-called density pump out effect described in [33]. The stored energy stayed almost constant leading to a slight

reduction of the H factor from 1.14 to 1.06. However, the by far strongest effect is found on the SXR brightness

and the tungsten concentration. Both drop on the timescale of the energy confinement time, leading to cW below

10 	 6. In Fig. 6 (left side), the radial extension of the fractional abundance of W46 � is shown, demonstrating that in

both phases of the discharge the spectroscopic measurement is sensitive to the central W-content. After the heating

phase again a rapid increase of the SXR brightness and cW is observed.

Since the edge parameters are unchanged throughout the discharge, large variation of the W-source are very unlikely

(in fact the are below the detection limit). Therefore, the behaviour may be explained within the framework of the

picture, already discussed in Sec. 3.1.1. Coupled to the low energy transport in these discharges the anomalous

particle transport is also decreased, allowing that even a very small drift velocity leads to a density peaking as

shown in Fig. 6, right side. This density peaking together with low anomalous transport and a moderate peaking

of the temperature profiles provokes the neoclassical impurity accumulation. The central wave heating obviously

counteracts this in several ways. The anomalous particle transport is increased, leading to flatter density profiles of

the background ions (the hollow density profile measured by Thomson scattering during the ECRH has still to be

validated by other measurements). At the same time Te0 and therefore also the gradient is increased. Assuming a

fast equilibration of Te and Ti, this then leads to a strong reduction of the neoclassical inward drifts. Together with

the increased anomalous transport this results in a strong reduction of the central impurity content. Clearly, these

model assumptions have still to be verified by detailed calculations, which are under way.

In parallel to the improved H-Mode discharges, other routes to advanced tokamak observation were pursued,
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namely high-β discharges as well as discharges with electron ITBs. In both cases the highest performances were
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obtained during this campaign and the detailed results will be presented elsewhere [34, 35]. From the viewpoint of

the tungsten contamination, they were completely unaffected and cW stayed mostly below the detection limit of the

VUV as well as the SXR diagnostics.
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Figure 6. Electron temperature and density profiles of discharge #14545before and during central ECRH (The solid lines

represent a fit through the experimental density data). The fractional abundance for W46 � , which is used to calculate the

W concentration, is also shown in the left part.

3.2. Limiter discharges

There are several examples for the use of tungsten as limiter available in literature (see [36, 10] and references

therein) and the early results from PLT [37] showing strong central impurity accumulation for certain circumstances

had a strong negative impact on the further use of tungsten in fusion devices.

Limiter discharges play a very minor role in the experimental program of ASDEX Upgrade. Conventional L-modes

were only of operational interest, in order to explore their behaviour in regard to a future plasma start-up at a fully

tungsten covered central heat shield. The other range of use is to force discharges to an L-mode edge even at

heating powers which lie considerably above the L-H transition threshold in order to explore ITB discharges with

L-mode edge. Common to these discharges is the impact of high energy ions to the tungsten surfaces, which results

in increased W-erosion and W-influx. Due to direct contact of W-flux to the last closed flux surface (LCFS) its

penetration to the confined region is also more likely.

3.2.1. Conventional L-mode

To explore the influence of the plasma wall interaction with tungsten surfaces in limiter configurations,

several discharges at intermediate densities, ohmic as well as with additional heating powers up to 5 MW were

performed. During these discharges the plasma was shifted vertically towards the tungsten tiles. As expected, the

W-concentration increased during the plasma contact with W surfaces to values around 10 	 5. However no serious

accumulation was observed for the discharge parameters considered.

3.2.2. ITB discharges with L-mode edge

A common scenario with an internal transport barrier on ASDEX Upgrade uses the heat shield as limiter in

order to maintain L-mode edge. In discharge #14274, which was performed already after the first boronisation,

the central tungsten concentration rises as soon as the LCFS is in contact with the tungsten heat shield (0.7 s), as

indicated in Fig. 7. It exhibits a short weak transport barrier (0.8 - 0.9 s), which results in tungsten accumulation to

values above the saturation level of the detector. Due to the finite transport time the highest cW -values were reached

shortly after. After the decay of the ITB the central tungsten concentration drops again and the onset of sawteeth

results in a further reduction. Although being a limiter discharge further on the plasma completely recovers from
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the former high tungsten concentrations and reaches tolerable tungsten concentrations. After switching off one of

the beams, the core temperature dropped below 2 keV and was too low to extract cW from the SXR radiation.

In general, the limiter ITB scenario resulted in the highest tungsten concentrations measured during the campaign.

For discharges with stronger transport barriers even concentrations above 3 � 10 	 4 were measured. Since all of the

these discharges were performed at the same density with an L-mode edge it is reasonable to assume that the edge

plasma and therefore the tungsten source did not change throughoutthe discharge. This leads again to the conclusion

that the strong variation of the central tungsten concentration can only be explained by the strong variation of the

transport of the background ions and the impurity ions in the core plasma. This kind of discharge is only seen as

an interim solution for better suited divertor discharges. Consequently, no efforts were undertaken to optimize the

impurity behaviour using central wave heating.

0.80 1.70 2.60R(m)    
-1.40

-0.70

0.00

0.70

1.40 

z(m)

t=0.8s

saturation

c W
T

   
(k

eV
)

e0
n 

  (
10

   
/m

  )
20

e
3

_

time (s)
0 2 4

10-6

10-5

0

2

4

0

0.5

1.0

4.9 MW NBI

weak
transport 
barrier

ASDEX Upgrade #14274

Figure 7. Limiter discharge with weak internal transport barrier showing tungsten accumulation. After the collapse of

the barrier the central tungsten concentration drops.

4. Carbon content and plasma performance

One of the primary questions was, whether the carbon content and the resulting carbon deposits can be reduced

by using a large area metal wall. Although two thirds of the central column, which is assumed to be one of the

strongest carbon sources, are covered with tungsten, it has to be kept in mind that other surfaces (divertor, passive

stabilizer loops) still represent a much larger area with carbon based PFCs, as can be judged from Fig. 1. Therefore

only small changes in the central carbon content are to be expected. Fig. 8 shows the long term behaviour of the

C VI Lyman-α brightness IC VI in ’standard’ H-mode discharges. The campaign 2001 comprises the discharges

from � 14100 � 14600. A long term decrease seems to be visible especially since the regular application of the

siliconisation. Although no siliconisation was applied during the campaign 2001 and large areas of new graphite

surfaces were introduced during the preceding vent (installation of the new divertor IIb, see [20]) IC VI is at the

lower end of the observed range right after the first boronisation, pointing to some carbon reduction due to the W-

coatings. This interpretation is supported by the temporal behaviour, showing the lowest brightnesses right after the

start of the campaign and an increase throughout, which might be explained by migrating carbon. Additionally the

reduction of IC VI is more obvious for the high density phase of discharges (n̄e
� 1020 m3 , diamonds) in agreement

with the interpretation that under such discharge conditions chemical erosion from a graphite heat shield should

be maximal, in contrast to the low density phase (n̄e
� 4 � 5 � 1019 m3 , crosses) where physical sputtering in the

divertor may be dominant. Further information on the behaviour of carbon will be gained from charge exchange
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recombination spectroscopy, where the absolute calibration is in progress. The post mortem analyses of the erosion

of W and the deposition of migrated C [16] will help to check the consistency of the picture.

There was no strong impact of the tungsten coated wall on the general plasma behaviour as already indicated in
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Figure 8. Long term behaviourof the C VI Lyman-α brightness in ’standard’ H-mode discharges (Ip � 1 MA, Bt ��� 2 � 0
T, PNBI � 5 MW, δ � 0 � 15) at low (crosses)and high (diamonds)densities. The vertical lines representvents (short dashed)

boronisation (solid) and siliconisation (long dashed).

Sec. 3, except for the ITB discharges with L-Mode edge. The only obvious difference to previous campaigns was the

significant reduction of the H-mode threshold by 20% measured also in the ’standard’ H-mode discharge [21, 20].

However whether this reduction is related to the tungsten coated heat shield or, what seems more likely, to changes

in the edge plasma due to the modified divertor, is not clarified yet.

5. Conclusions and Outlook

Two thirds of the area of the central column of ASDEX Upgrade were covered with tungsten coated tiles. Due to

the large surface, a sensitive check of the influence of tungsten as a plasma facing material in the main chamber on

the plasma performance under fusion reactor relevant conditions could be performed. No negative influence on the

plasma performance was found, except for ITB limiter discharges. The experimental indication for the reduction

of the the carbon content in the plasma has still to be validated by other measurements.

The tungsten influx stayed below the detection limit except for direct plasma wall contact or a reduced clearance in

divertor discharges. From these observations a penetration factor in the order of 1% and effective sputtering yields

of about 10 	 3 could be derived, pointing to a strong contribution by light intrinsic impurities. The tungsten concen-

trations ranged from below 10 	 6 up to a few times 10 	 5. Generally, in discharges with increased or/and evolving

density peaking, a tendency for increased tungsten concentrations or even accumulation was observed. Central

heating (mostly) by ECRH led to a strong reduction of the central impurity content, accompanied by a very modest

reduction of the energy confinement. The observations suggest that the W source strength plays only a inferior role

for the central W content compared to the transport, since in the discharges with increased W-concentration nei-

ther an increase in the W influx (always below detection limit) nor a change in the edge parameters were observed.

These findings are also in line with the results from the W divertor experiment [38, 39]. The mechanism behind

seems to be a complex interplay of anomalous transport of the background ions and the anomalous and neoclassi-

cal transport of tungsten. Coupled transport analyses for background ions as well as for the impurities are under

way but since they need a very sophisticated data evaluation and validation, they are not completed yet and have

to presented in a forthcoming paper. However, experimentally it could clearly be shown, that the central tungsten

concentration can be controlled externally by central heating.
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The experiences made during the campaign 2001 showed, that the operational space is somewhat more restricted

than for a device having only low-Z PFCs. However, W could also be thought as a sensitive marker for discharge

scenarios which are intrinsically prone to impurity accumulation and consequently will be only of very restricted

ITER relevance. Therefore the conclusion was drawn that further parts of the heat shield will be coated during the

vent of autumn 2001 leaving only a smaller number CFC tiles uncoated. This will lead to a sensitive check to which

degree the breakdown is modified moving from a low Z start-up limiter to a high-Z PFC. Moreover it is foreseen to

coat other large areas with graphite tiles (such as the PSL with another 10 m2) on the way to a fully tungsten coated

fusion device.
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